Terminologies are now software.
Introduction: Terminologies are now software!
Clinical terminologies are at the centre of efforts to develop and integrate electronic patient records, decision support, information, and hypermedia systems. The drive to build clinical terminologies comes from the drive to build software, and the prime use of clinical terminologies will be in software. The contention of this paper is that, therefore, clinical terminologies are now software -and that this fact has profound implications for how they are designed, compiled and maintained.
More precisely, the claims of this paper are that clinical terminologies that clinical terminologies bridge the gap between language, medicine and software, and that key components are now software. For those software components there are three fundamental requirements:
• Explicitness -that information can be manipulated by machines only if it is represented explicitly and formally.
• Understandability -that information can be maintained by people only if it is they can understand its structure.
• Adequacy -that the terminology be expressive enough for the tasks required while remaining computationally tractable.
Explicitness requires rigour in the formalism used. Understandability requires consistency in the ontology expressed in that formalism. Adequacy requires that the formalism in which the terminology is expressed and has the features to perform the required tasks.
These three fundamental requirements may conflict. Formalisms which are explicit and adequate may not be easy to understand. Formalisms which are expressive enough to be explicit may be computationally intractable. Up to a point, the conflict between expressiveness and tractability can be dealt with by breaking up the knowledge into different components and dealing with each separately. Within limits, the conflict between understandability and explicitness can be dealt with by using 'intermediate representations' to mediate between users and the formalism. But ultimately, there are trade-offs to be made which can only be informed by a detailed examination of the tasks for which the terminologies will be used within software applications.
The second claim of this paper is that most existing medical terminologies -coding and classification systems, bibliographic indexing systems, etc. -are informal classifications or 'thesauri', i.e. principled organisations of linguistic terms which do not have, nor claim to have, a rigorous fixed interpretation other than through the meanings attributed to them by humans reading their rubrics 1 . In many such systems, the organising principle is explicitly labelled with phrases such as 'broader than'/'narrower than' in order to discourage users from imputing more meaning than was intended by the authors. Others explicitly state that the basis of the hierarchy is ease of access by users rather than any formal logical meaning.
The third claim of this paper is that if key parts of terminologies are software, then it behoves us to look carefully at recent work in related areas of software development and knowledge representation.
Recent work has made major strides both in extending the range of the possible and in defining what is impossible. Unless we recognise recent work, we are in danger of reinventing the wheel on the one hand or attempting to do the impossible on the other.
Finally, note, that the claim is not "Terminologies are just software" nor that "All terminologies are software", but that the current uses intended for clinical terminologies demand a software component. This paper expands on this claim and explores its implications in light of the experience of the GALEN project.
Formal Classifications and Explicitness

Formal Symbol Systems: Extending the Semantic Triangle
The traditional view of the relationship between terms, meanings, and things in the world is often encapsulated in the 'semantic triangle' usually attributed to Putnam as shown in Figure 1a. (ISO TC37 uses a slightly extended version of this diagram, but the extension would only obscure my central point here.)
Concepts in minds are abstracted from (perceptions of) things in the world and referred to by linguistic signs. The linguistic signs are manipulated and related to the things in the world only via the concepts in the mind. They have no autonomous existence and rules for determining their behaviour have defied complete 1 There is a problem with the 'terminology for terminologies'. The use of 'thesauri' for linguistically and epidemiologically oriented hierarchical organisations of clinical terms has the virtue of being brief and relating the work to a solid body of work such as that of ISO TC37.
formal analysis though linguists and philosophers have made many useful generalisations. The extension to formal symbol systems [32] 2 . is shown in Figure 1b . The area for 'signs' in the top third of the triangle has been split into two, one for language as in figure 1a , and one for formal symbols and a logical engine to manipulate them. The formal symbols are linked to linguistic signs by an 'interpretation' which 'labels' the symbols, but the formal symbols have no direct link to concepts in the mind. The formal symbols are manipulated 2
The phrase "Physical symbol system" is due to Simon. I have taken the liberty of altering it slightly to "formal symbol system" in order to emphasise the linkage with the phrase "formal classification".
by the logical engine, and changing the interpretation to relabel the systems has no effect on how they are manipulated by the engine.
Our standard means, of course, of realising formal symbol systems and their manipulation is by implementing them as representation languages and their associated engines on computers, i.e. by building a computer-based representation of a terminology.
This formulation allows us to state clearly what we mean when we speak of building a formal model of terminology for use in software. Our goal is to build a logical engine and a formal symbol system such that the manipulation of the symbols by the engine seems appropriate for the purposes of our applications to human users interpreting it via the signs labelling the symbols. Each function requires different forms of knowledge. Our argument is that the functions must be separated to be made tractable and that a rigorous conceptual classification makes the other functions easier -indeed that a rigorous conceptual classification may be necessary to make the other functions possible.
Kinds of Knowledge and Tests for Correctness
Formal Classifications
What do we mean, formally, when we say that one category is a kind of another, or alternatively that one category is a subtype of another? In a formal system, to say that "B is a kind of A" or "A subsumes B" or "B is a subtype of A" means that "All Bs are As" i.e.
Written by the description logic community as:
Subsumption is not another 'relation' or 'role' with peculiar properties, it is a statement of logical implication. We may choose to implement systems by pre-computing all the relevant subsumption tests and recording them in a database, but the fundamental requirement on subsumption is a logical implication. 3 Other relations are represented as ordered pairs of concepts. We can ascribe various properties to these sets of ordered pairs, such as that they are single valued, transitive, or relate in other ways. We may treat our usual concept systems as subsets of formal logic. There are at least three notations in use for expressing relations, description logics, conceptual graphs, and GRAIL's which notation.
[ The combination of inverses, transitivity, and other possible constructs can give rise to more difficult classification problems, some of which are literally undecidable. One goal of the theoretical research community working on classification and description logics is to find subsets of operations which computationally tractable -i.e. decidable and not exponentially complex, at least in the cases of interest. This aim is essentially the same regardless of the notation we choose -description logics, conceptual graphs, or GRAIL's which notation.
Recent work on description logics has focused on testing subsumption using methods drawn from theorem proving known as tableaux calculus which have well known properties [2] . Using these techniques the computational properties -i.e. worst case complexity and decidability -of systems with most combinations of features now established. Conveniently these techniques are also amenable to optimisations and give good performance in many cases [17, 18] . Some of these issues are discussed in greater detail later in the paper.
Semantic indexes and guidelines
The formal classification of concepts can be used to provide an efficient semantic index to more general information.
Classification is based only on indefeasible statements -i.e. information which cannot be overridden. Other information which is subject to exceptions, such as interactions and contraindications, can be attached 'extrinsically' to the classification and 'inherited' along it. Where more than one statement is inherited, separate inference mechanisms are required to disambiguate the results. However, since most ambiguities in existing systems based on thesauri arise because of their heterogeneous structures, using a formal classification system give rise to many fewer such ambiguities. When ambiguities do occur, disambiguation is usually simpler because more information is explicitly available. This approach achieves most of the practical benefits of default inheritance without the intractability of nonmonotonic reasoning. However, to achieve this result requires that the information in the terminologies, databases, and knowledge bases be organised into rigorous ontologies which clearly distinguish between:
• indefeasible information used in classification, the conceptual knowledge, • defeasible information to be indexed via the classification, the facts of the inferential knowledge • other inference mechanisms to be used in disambiguation or further reasoning, the reasoning mechanisms of the inferential knowledge.
What do we need to represent? Primary Tasks
There are surprisingly few statements in the literature about what clinical terminology is for. Within GALEN and PEN&PAD we maintain that there are at least six tasks:
• Human computer interaction -to support quick, intuitive data entry and query formulation by clinical users.
• Archiving and retrieval -to record and retrieve clinical information in medical records • Mediation, sharing, and re-use -to allow that information to be shared between medical record, decision support, and information retrieval systems.
• Indexing and inference -to make it easier to formulate and share decision support systems • Authoring and maintenance -to make it possible to build, maintain and extend the terminology itself.
• Natural language processing -to make it easy to express, and ultimately to understand, natural language concepts in whatever natural language.
From these primary tasks there follow a number of general requirements • Constraints on how concepts fit together to keep choices manageable for user interaction, authoring and maintenance.
• Support for multiple viewpoints and automatic reorganisation along alternative axes to support mediation, sharing and re-use.
• Parsimony and non-redundancy-each item of information should be recorded in exactly one place.
• Adequate representation, including means of representing 'normative' information and information which is so completely taken for granted within the clinical community that to ignore it vitiates the purpose of the classification.
Finally, note that the classification in the terminology must be the same as the classification of the individuals described. Our purpose in having a terminology is to be able to separate it from the storage of the individuals and reason within the terminology itself.
Ontological Principles to address these tasks: The GALEN Approach
Reasons for multiple classification: explicit context of use Any formal system must have a set of primitives as a starting place. In any formal classification system we can divide the concept representations into primitive concepts and defined concepts. A primitive subsumption hierarchy must be defined amongst the primitive concepts as the starting place for all other tests for subsumption 4 .
In order to make reasons for multiple classification explicit, primitive concepts should form a pure hierarchy, i.e. that no primitive concept should have more than one primitive concept as a parent. In other words, only one 'arbitrary' statement of a concept's place the hierarchy is allowed. The reasons for all other classification must be made explicit by description or definition. Furthermore, the interpretation of the primitive classification axis must be consistent throughout any given part of the representation. For example, if we decide that the primitive classification of chemical substances is to be by chemical structure, then "Testosterone" will have "Steroid" as its primitive parent. If it is to be classified as a "Male sex hormone" then it must be described as having this physiological function. It can then be classified as a "male sex hormone" automatically. The justification for the secondary classification is recorded explicitly and available to the reasoning engine.
GALEN has succeeded in nearly meeting this criterion. The only exceptions exist to compensate for weaknesses in the representation. Near the top of the hierarchy, to compensate for the absence of disjunction, there are a few very general concepts which cut across the other axes of the taxonomy. For example "phenomenon" (those things which when pathological become "diseases" or "disorders") subsumes sub-categories of functions, processes, states, and features. The other exception is at the bottom of the hierarchy to compensate for the absence of conjunction for concepts such as 'bilateral' which must be subsumed by both 'leftsided' and 'right sided'.
Note that the requirement that primitives have only a single primitive parent means that all primitives are disjoint from their siblings. However, there is no reason to believe that the primitive children of a primitive type exhaust all of the possible subtypes. This may occasionally be true, but in most of medicine it is dangerous to assume that the world is 'closed'. Therefore, the usual case is that each level of the primitive taxonomy forms a disjoint nonexhaustive partition of the level above.
Parts and Wholes and other transitive relations
Part-whole relations form a fundamental part of the concepts of anatomy which underpin much of our conceptualisation of medicine. Furthermore, partwhole relations occur in the aggregation of diseases into syndromes, the structure of physiological processes and subprocesses, and the organisation of procedures into main procedures and subprocedures, sub-sub-procedures, etc. There are two issues.
• Separating conceptual and linguistic models • Defining the different kinds of part-whole relation and distinguishing them from subsumption within the conceptual model
Within linguistics, there is a continuing argument as to whether partonomies are fully transitive, e.g. whether "the nail of the little finger" is really a part of "the left arm". It sounds strange to use it this way in everyday speech. 5 However, there can be little doubt that if browsing a hierarchy of anatomy, any clinician would expect to find the "fifth finger nail" someplace below "upper extremity". Likewise clinicians would expect to find "avulsion of the finger nail" someplace under "injuries to the upper extremity". Note that the linguistic and conceptual tests are different and lead to different conclusions.
The two types of information should be represented separately: the conceptual relationships are completely transitive. The linguistic rules for expressing those relationships in language may require elaboration, e.g. "the finger nail is ultimately part of the upper extremity."
Within conceptual models, part-whole relations are often confused with subsumption. This can lead to odd results. Diseases of parts are generally diseases of wholes, and operations of parts are generally operations on whole, but textures of parts (e.g. ligaments) are not necessarily textures of wholes (e.g. joints), nor are surfaces of parts, in general, surfaces of wholes. More seriously, replacements of parts are not replacements of the whole.
The typical mixed hierarchies of most existing classifications carry an implicit context of use which needs to be made explicit if those hierarchies are to be widely re-used for a variety of purposes, for example the hierarchy of organs and parts: organ kind heart part heart valve kind aortic valve part aortic valve cusp
The implied purpose is shown if we make explicit the context of "Disorder of..."in which case then we get a uniform hierarchy of subtypes in which each child is a kind of its parent: intended to use the hierarchies to draw inferences by 'inheritance' or other means then the part-whole relations must be explicitly distinguished from the subtype relations and the context must be explicitly stated.
Similar issues arise with sub-processes, causation, and temporal relations. They provide a uniform method, for example, to deal with problems such as classifying "Removal of a cyst from a lobe of the Liver" under operations on cysts, lobes, and livers without resort to any fixed structure of sublocations.
To deal with any of these issues, the ontology must distinguish clearly between parts and wholes and the formalism must allow proper coordination of transitive relations and subsumption. GALEN achieves this through the specialisedBy axiom schema described in the section on Logical and Computational Difficulties below.
Propagation of properties
Propagation of properties is closely related to transitivity, but requires finer grained control. That a part is pathological means that the whole is pathological, but that the part is normal does not mean that the whole is normal. Propagation uses the same mechanism of 'necessary statements' or 'concept inclusions' as do the mechanisms for coping with alternative views described in the next section.
Alternative points of view: implicit and normative information
Our understanding and classification of concepts depends on more than the information strictly contained in their rubrics or definitions. Pins are inserted in femurs to fixate them; ulcers are located not just in the stomach, but in the mucosa of the wall of the stomach; the normal location of the thyroid is in the neck but it may occur 'ectopically' in a wide variety of locations. These issues can give rise to wide-ranging philosophical debates. Again, we refer to our primary test of how we expect concepts to be classified for use in information retrieval or data entry. Procedures to insert pins in femurs need to be classified under both insertion of devices and fixation of long bones; ulcers of the stomach need to be classified under lesions of the mucosa; ectopic thyroids need to be classified as an abnormality both of the neck and of the ectopic location.
Hence GALEN treats all such statements as 'necessary' properties of the concept. This means that the semantic links in the GALEN models do not model, exactly, our usual usage. When we say, for example, that the thyroid is necessarily a component of the neck, the intended meaning is conceptual or normative. In principle all structural attributes, such as 'is component of' ought to occur in pairsone for the normative position and one for the 'accidental' position.
In practice for historical reasons and in keeping with common usage, the pairings are not completely systematic, e.g. the attribute hasLocation is used for the 'accidental' analogue for isComponentOf.
Constraints
If a major task is to support user interfaces and authoring, then constraining the available choices at any given point is a prime requirement to reduce the length of picking lists or the number of options. GALEN currently supports two levels of constraints, one for query formation (the 'grammatical' level) and one for concrete statements about patients (the 'sensible' level).
Principled Ontological Structure for understandability
The very highest levels of any ontology built using any hierarchical or network system are somewhat arbitrary. For example, whether we divide first into "structure" and "process" and then into "concrete" and "abstract" or vice versa makes no difference. As Lenat points out, the top levels of the hierarchy play a surprisingly small part in the actual behaviour of the formal classification system [22] . However, having an agreed and understandable structure is vital for human authors to maintain and collaborate.
There must be understandable explanations for the meaning and differences between different categories and attributes if people are to maintain them consistently. Hence a well understood and principled high level ontology is essential for practical cooperation and development. The GALEN ontology is described in [28, 30] .
Any formalism forces certain arbitrary decisions on the development of concept models just as any programming language forces certain arbitrary decisions about how to implement a given abstract algorithm. Limitations in the formalisms increase the number of arbitrary decisions to be made, e.g. restrictions to a single hierarchy or to a fixed number of levels, a fixed number of branches at each level, or to a fixed path downwards through the hierarchy all force decisions dictated by the structure of the formalism rather than the understanding of the concepts.
Many of the controversies the design of traditional coding systems are really about the best compromises on such fundamentally arbitrary choices forced on designers by limitations in the formalism. The goal of formal classifications should be to provide sufficient expressiveness to avoid most such decisions, but they cannot be eliminated completely.
Pragmatic Knowledge: Using Re-usable representations
It is a paradox that the more re-usable a representation is, the less well adapted it is for any given application. Two examples suffice to indicate the issues.
Reconstructing traditional thesauri from Classifications
The prime strategy for reconstructing traditional coding and classification schemes from formal classifications is the specification of context, as discussed above. However, many such schemes have a variety of other idiosyncrasies which must be addressed.
The general strategy for converting from a classification to a thesaurus uses the general mechanism for semantic indexing based on the classification. This works well in general, but there are numerous exceptions which require pragmatic knowledge.
• Heterogeneity not easily modelled in simple context structures as shown above. For example, "Core Pulmonale" and "Post Myocardial Syndrome" are usually listed under cardiovascular diseases although they are diseases which are caused by rather than diseases which affect the heart. The appropriate mix of contexts requires specialist knowledge of individual classification schemes.
• Not Otherwise Specified (NOS) -Many schemes 'push down' the parent item to the next lower level of the list using the suffix NOS. If this behaviour is to be reconstructed, additional information must be recorded that both levels exist. (NB 'NOS' is sometimes also used in the sense of 'other' below) • Other -Many schemes have residual categories for 'other', meaning to be classified under the parent but not under any of the existing siblings.
To capture 'other' literally requires a conjunction of negations (Parent and not Sib1 and not Sib2 and not Sib3...). Many formal systems lack negation and such expressions are extremely inefficient to process even where they are supported. Special mechanisms to cope with these in the inference functions associated with code mapping are almost certainly to be preferred.
• Not elsewhere classified -This expression is similar to 'other' except that there may be concepts other than siblings to exclude.
• Excluding -almost always refers to a more specific concept. Mappings from the formal classification to the thesaurus work correctly because the more specific concept is always encountered first (we have yet to encounter an exception to this statement), However, mappings to the thesaurus require care so that the more specific concept is not included under the parent from which it is excluded for purposes of the specific thesaurus.
• The dagger asterisk mechanism in ICD -the multiple classification occurs naturally in the formal models, but an understanding of the cross reference mechanism is required to reconstruct it correctly.
• Cross referencing -cross referencing depends on identifying the appropriate level of detail to which cross references should apply. In a complex interlinked formal classifications, very rich cross referencing is possible which probably exceeds that which it would be useful to include in a system such as SNOMED. Pragmatic knowledge indicating suitable levels of detail for cross referencing is required before it can be performed automatically.
Pragmatic Information and Models of Use
Any re-usable general terminology will contain far too much information to be used directly be clinicians without first being filtered and organised into structures which fit clinicians' daily practice. The experience of GALEN is that to drive the PEN&PAD user interfaces requires extensive filtering and adaptation of the raw concept modules to achieve:
• Layering of information so that common information is readily to hand and less commonly needed information is relegated to lower levels which appear only on demand.
• Grouping information together in terms of its model of use in clinical practice rather than its terminological meaning. The signs and symptoms associated with a particular diagnosis are easily indexed using the terminological structure, but they cannot be derived from it. Similarly, standard clinical examinations are determined by clinical convention. The simple question "What can be said about this" is only the beginning for defining effective clinical dialogues.
Intermediate Representations
Formal classifications can become complex. Any formalism is ultimately a sort of programming language and presents many of the difficulties of a programming language: absolute requirements for closure, non-ambiguity, and coverage for all possible eventualities. This leads to a dilemma.: software requires formal systems, but human authors are much more comfortable with informal or semi-formal representations One answer to this dilemma, originally suggested in knowledge based systems, is to use an 'intermediate representation', which is formal enough that it can be translated almost automatically to the formal representation.
An intermediate representation can serve a variety of functions.
• It can be tailored for the majority of cases ignoring the small minority which often contribute disproportionately to the complexity of the formal representations. The residue not amenable to the intermediate representation can be dealt with by hand relatively quickly. • It can capture information which cannot be represented in the formal models. Since all models are imperfect, there is inevitably information which cannot be represented but which should not be thrown away • It can allow information about conceptual, linguistic, inferential, and pragmatic knowledge to be collected together systematically, often without the authors being aware of the difference.
• It can protect authors from technical changes in the representation. There are many difficult issues which may require temporary solutions or even have to have their solutions deferred while sufficient evidence is collected to make choices. Authors do not want to have to redo their work each time a technical flaw in the model is detected.
• It can allow the guidelines and modelling policy to be made much more explicit. By exposing intermediate stages in authors' work, it makes it possible to recognise their intentions and identify differences which might otherwise go unnoticed. The modelling style is therefore made more consistent.
• It can be more readable than the formal representation and thus easier to check for quality assurance.
GALEN-IN-USE makes extensive use of an intermediate representation, an example of which is shown in Figure 2 . The representations are described in detail in [31] . The consist four parts:
• A list of 'descriptors' for concepts which may use local names or language.
• A list of links.
• A set of templates for the use of links and descriptors.
• A set of guidelines for how the templates are to be filled in.
Within GALEN, the result of filling in a template to give the intermediate representation of a concept is called a 'dissection'. The translation from dissections to formal representations is only semiautomatic because:
• There are cases where the embedding is too complex for the templates.
• There are cases where the correct attribute in GRAIL cannot be determined unambiguously from the information in the templates.
• There are cases where the underlying GRAIL model is in some way incomplete and requires extension or modification.
Note that the GALEN-IN-USE templates also capture information on the original language rubric, a paraphrase, and can capture pragmatic information such as the use of 'other' or 'NOS'.
Logical and computational difficulties
A very brief history of knowledge representation Organising concepts into classifications is an activity as old as man. Classification in formal symbol systems has been studied intensively since Frege and been the topic of a major subdivision of research in artificial intelligence and the abstract theory of computation. From Cantor and Russell at the beginning of the century through the most recent results in description logics and database query languages, it has proved an unexpectedly subtle problem and produced some of the more counter-intuitive results of twentieth century mathematics.
The history of knowledge representation is the history of a gradual progression from early informal 'semantic nets' with little explicit description of their meaning, through a careful recasting of semantic networks into more formal form culminating in Brachman's pioneering work on KL-ONE [7] . Amongst the earliest formal results was that any 'interesting' such system was, in the worst case, computationally intractable -i.e. that the time required to compute classification could grow exponentially and that there were cases in which the no algorithm could be guaranteed to terminate at all [6] 6 . Since much of the point of the exercise had been to find a part of inference which was relatively easy, this was a disheartening result. It gave rise to the strategy of dividing knowledge representation systems into two: a 'terminological part' or 'T-Box' with a very restricted language which operated on the classes, and an 'assertional part' or 'A-Box' with applied more expressive reasoning, usually based on first order logic, to instances but not to concepts.
Early medical experiments with such a system were very disappointing and indicated that the limited expressive power of the 'T-Box' to represent medical terminology made them of very limited use 6 Formally, that classification in a surprisingly 'weak' description logic was expressively equivalent to inference in first order logic and therefore NP-Hard and semi-decidable. Figure 2 The GALEN Intermediate Representation: A 'dissection' and the resulting GRAIL expression [10, 16] . However, since that time there has been steady progress both in understanding the features which make such systems intractable and in compromises to make it possible to live with the their worst case intractability [5, 23, 35] .
In addition there have been four other developments. Lenat took on the immense task of attempting to represent all of the 'common sense' knowledge in the Cyc project [15, 21] , opinions of the success of which vary widely but which attempted a far wider brief than just terminology. Quite separately Sowa's Conceptual Graph notation for logic gained an increasing following as an interlingua linguistic and terminological representations, although no completely satisfactory implementation as an executable system exists, or is likely to, since Conceptual Graphs are a complete notation for higher order logic.
The ARPA Knowledge Sharing Effort developed an interchange format based on first order logic to enable the exchange of terminologies, or 'ontologies' amongst the various variants of description logics and sponsored a major effort to develop re-usable ontologies in a variety of engineering and other fields. Finally, there have been several projects in the medical field applying either standard description logics or developing special purpose description logics with a restrictions and extensions specifically aimed at medical applications and different from those pursued initially in the broader theoretical community [3, 8, 9, 27, 33] .
More broadly, both within and outside of medicine, description logics and their relations are being seen increasingly as the natural means of creating reusable terminological structure, or ontologies, for federating heterogeneous knowledge sources [12, 19, 25] and there is intense research on uniting description logics and object oriented databases [4, 13, 24] .
Transitivity and necessary statements (concept Inclusions): Two key difficulties
There are two properties which are known to produce difficulties which are of particular importance for medical applications [29] :
• transitive relations as are needed for part-whole and related constructs • concept inclusions -the ability to make additional 'necessary' or normative statements about composite concepts, or equivalently, the ability to state arbitrarily that one concept is subsumed by another.
In fact, the two constructs are nearly equivalent in worst case complexity [1] . Both are examples of the fact that small changes in a formalism can lead to large changes in its computational complexity.
Transitive relations are relatively straightforward. A relation R is transitive if:
xRy & yRz -> xRz In addition, GRAIL defines the schema specialsedBy between relations, roughly equivalent to CycL's TRANSFERS-THRO, which allows it to represent the fact that injuries to parts of things are classified as injuries to the whole: For example, the "shaft of the femur" is part of the"femur", so a "fracture of the shaft of the femur" is a kind of "fracture of the femur" and likewise a "femur with a fracture of its shaft" is a kind of "femur with a fracture".
Several authors have described large numbers of patterns of part-whole interactions. Most but not all can be captured by GRAIL's specialisedBy schema. A second paradigm, which GRAIL does not support, is illustrated by the pattern "The skin of a division of the arm is a division of the skin of the arm" e.g. "the skin of the hand is a division of the skin of the arm" rather than "a kind of the skin of the arm". GALEN deals with this problem by several workarounds, none entirely satisfactory but none which has caused of serious difficulties at this time.
The idea of 'necessary statements' is subtler. The standard theory of description logics allows an entity to be defined only once, when it is introduced. The effect is that definitions are self contained and do not refer to the knowledge base as a whole. Classification is therefore purely local. To make generalisations such as that "insertion of pins in the femur is to fixate the femur" or "measurement of serum sodium is performed by laboratory test", additional statements need to be made about composite statements which go beyond the criteria which are sufficient to recognise themi.e. their definitions. The most general form of such statements are arbitrary concept inclusions, that any concept can include any other. GRAIL implements only a restricted form of concept inclusion indicated by 'necessary statements' which is equivalent to allowing arbitrary inclusions only by concepts of the form "anything which is green" or "anything which is part of the lower extremity", in the formalism of description logics, only concepts of the form
where R is a relation (a 'role' in description logic terms), and C 1 and C 2 are a concepts. This restriction does not reduce the worst case complexity but does allow improved optimisation of practical cases [27, 29] .
Conclusion
Does the conceptual knowledge need to be formal? If we are to install software modules based on classification systems at the heart of our software for medical records, then the other modules must be able to depend on their behaving in predictable ways, and must be given explicit limits as to the conditions under which their behaviour remains predictable.
The recent history of knowledge representation, database development, and knowledge sharing is, that if we cannot give a rigorous logical account of the conceptual, or classificatory, knowledge, we will not be able to share them, extend them, or ensure that different implementations behave in the same way. At the very least we must know which parts behave rigorously and which parts do not.
Similarly, using the concept system for semantic indexing only works well if it is rigorous. The mixed hierarchies of traditional thesauri cannot be used effectively without giving rise to so many exceptions that their value is at best doubtful. Recent experience with reconstruction of drug ontologies for decision support has lended strong support to this claim. [20] Finally, the experience of the builders of systems is that their construction and maintenance is becoming increasingly difficult. Without formal structure, computer support for constructing and maintaining classifications is severely limited. Both formal checking and the ability to re-arrange classifications along different axes for different purposes, depend on the internal structure of the classification being rigorous and predictable.
Evolutionary Pathways
Where does this leave developers of terminologies? On the one hand, what they really need does not yet exist and the ideal solution is probably impossible in principle. On the other hand what is currently being used falls far short of what we know is currently possible and fails to meet many of the demands being placed upon it. What is needed is an evolutionary approach which allows us to move forward step by step in terms of formal representations and software while at the same time preserving as much of possible of the enormous clinical investment which has been made and will be needed. The goal must remain to make increasing amounts of the information in terminologies formally explicit so that it can be manipulated by computer and re-used in a wide variety of applications.
This calls for an emphasis on public intermediate representations, wherever possible independent of the specific classification system used. However, the correctness of complex intermediate representations cannot be ascertained manually. The test of the correctness of any intermediate representations must be that they can be translated into some formal representation which behaves as required. Inspection and professional consensus on the representations themselves is necessary but not sufficient.
The interactions of a complex classification are too complicated to be checked manually. The correctness of the classifications made by the logical engines must also be tested both formally and by inspection by clinicians.
Any intermediate representation should make key ontological distinctions such as between kinds of parts and between different subtypes of the partwhole relations (see e.g. [26, 34] . It should allow the implied or normative relations to be clearly recognised. It will require a clear, understandable high level ontology and sets of guidelines for its use.
There is also a strong argument for an implementation interlingua.
The medical community has so far made little use of the Knowledge Interchange Format (KIF) /Ontolingua formalism and toolkit [11, 14] . There are questions concerning second order constructs such as transitivity in KIF, but its use as a publicly available standard should be seriously investigated.
Much of the knowledge in existing coding and classification systems may be capable of extraction using semi-automatic methods based on string handling and natural language processing.
Practical tools now exist which can make major steps forward as shown by recent work. Large scale experiments are needed, but they should satisfy three criteria:
• The knowledge should be collected in such a way that it can be re-used later as formalisms and classification tools improve.
• The tasks should be scoped to what can be achieved now, but down in the context of a longer development plan which will use the more powerful tools which are rapidly arriving. Tests for what constitutes correctness in classification should include at least the folowing three general principles:
• That the classification should retrieve those things which a clinician would expect to find retrieved under this heading or there should be clearly explainable reasons why it does not. • That using the classification can be shown to act as an effective semantic index for clinical information.
• That development should be tied to applications, so that there is solid proof that the terminology can be used in software.
If the goal of developing new terminologies is to build better software for clinical tasks, then the final test can only be by their behaviour in software used by clinicians for those tasks.
